Mineral supplements are often included in multivitamin preparations because of their beneficial effects on metabolism. In this study, we used an animal model of light-induced retinal degeneration to test for photoreceptor cell protection by the essential trace element zinc. Rats were treated with various doses of zinc oxide and then exposed to intense visible light for as long as 8 h. Zinc treatment effectively prevented retinal light damage as determined by rhodopsin and retinal DNA recovery, histology and electrophoretic analysis of DNA damage and oxidized retinal proteins. Zinc oxide was particularly effective when given before light exposure and at doses twoto four-fold higher than recommended by the age-related eye disease study group. Treated rats exhibited higher serum and retinal pigment epithelial zinc levels and an altered retinal gene expression profile. Using an Ingenuity database, 512 genes with known functional annotations were found to be responsive to zinc supplementation, with 45% of these falling into a network related to cellular growth, proliferation, cell cycle and death. Although these data suggest an integrated and extensive regulatory response, zinc induced changes in gene expression also appear to enhance antioxidative capacity in retina and reduce oxidative damage arising from intense light exposure. † This invited paper is part of the Symposium-in-Print "Retinal Photodamage."
INTRODUCTION
By its action on rhodopsin light triggers the physiological process of visual transduction. Intense or prolonged light exposure, however, can initiate pathological processes within visual cells commonly referred to as retinal light damage. Light-induced retinal damage can give rise to a series of apoptotic reactions, leading to photoreceptor cell death (1, 2) , and to repair processes resulting in recovery of photoreceptor function (3) . In animal models, previous light rearing history, age and diet are all known to impact the extent of retinal cell loss from light exposure, whereas the inherent susceptibility to light damage is influenced by genetics and environmental circadian factors (4) . Originally described in 1966 (5) , retinal light damage has long served as an end point model of retinal degenerations arising from genetic inheritance and age-related visual cell loss. For example, there are remarkable morphological similarities between end stage retinal remodeling in the light-damaged rat retina and in advanced atrophic age-related macular degeneration (AMD; 6).
Oxidative stress has been implicated in retinal light damage, as numerous antioxidants are known to prevent photoreceptor cell damage following exposure to intense visible light (4, 7) . Likewise, the progression of AMD appears to depend to some extent on oxidative stress and chronic light levels. Crabb et al. (8) and Nakata et al. (9) found that drusen from AMD patients contained a variety of oxidized-lipid protein adducts, present in quantities greater than found in age-matched unaffected individuals. Epidemiological evidence indicates that micronutrient antioxidants reduce the risk of neovascular AMD (10) and that supplementation with antioxidants plus zinc reduces the rate of disease progression to advanced AMD (11) . The age-related eye disease study (AREDS) also demonstrated beneficial effects with zinc or antioxidants alone (11) , confirming earlier findings in a smaller cohort of patients receiving a high-zinc dietary supplement (12) .
Among ocular tissues zinc levels are relatively high in the retina and retinal pigment epithelium (RPE; 13, 14) . Although zinc is present in all retinal cells it appears to be concentrated in photoreceptor rod outer segments (ROS), the outer nuclear layer (ONL) and in the photoreceptor cell synaptic region (14) . Visual transduction may be affected by zinc binding to rhodopsin or phosphodiesterase within ROS, as well as to disk membranes (15) . Its distribution in ROS, and more generally its nuclear to cytoplasmic ratio has been reported to change during, or in response to, light exposure (16) . During light adaptation zinc may also migrate from the ONL to the rod inner segment (RIS), and changes in the ratio of free to protein-bound zinc also can occur (17) . Zinc modulates synaptic transmission in rod and cone photoreceptors and blocks the depolarizing effects of GABA in horizontal cells (18) , further suggesting an important role in the generation of electrogenic potentials (13) . Zinc also binds cysteine residues in metallothionein, a protein reservoir for zinc with important regulatory functions in homeostasis. Metallothionein, presumably bound to zinc, is known to contribute to the translocation and consequent activation of protein kinase C, which has two zinc-binding motifs at its N-terminus (19) . The tight regulation of cellular zinc levels appears to be required not only for controlling protein structure, function and transcription but also its potential for toxicity, which can emerge in the retina at higher levels (14) .
In the RPE, zinc is known to serve as a cofactor for enzymes involved in degrading the shed tips of ROS (20) and for matrix metalloproteinases involved in the remodeling and turnover of Bruch's membrane (21) . Incubation of RPE cells with zinc in vitro leads to an induction of metallothionein expression (22) and increased glutathione synthesis (23) . Dietary zinc also increases RPE metallothionein and reduces peroxide formation (24) . Zinc ions are known to inhibit voltage-gated proton channels (25) , which are linked to superoxide production by NADPH oxidase (26) . This suggests that in retinal tissues zinc can regulate superoxide formation specifically. These protective effects of zinc, however, appear to be concentration dependent. At low levels zinc promotes RPE cell viability, whereas higher zinc concentrations lead to RPE cell death (27, 28) . Neurotrophic factors control expression of zinc transmembrane influx and efflux transport proteins and thus, zinc uptake into the RPE (28) . At micromolar concentrations zinc can enhance the binding of complement factor H (CFH) to factor C3b (29, 30) leading to an inhibition of lysis in intact host cells, whereas at higher levels the protective effect of zinc appears to be lost (29) . Recently, serum CFH polymorphism H402 has been found to reduce binding strength for malondialdehyde (MDA)-modified protein epitopes, modifications generated by oxidative stress and proinflammatory reactions (31) . This extent of binding also may be modulated by zinc.
Herein, we describe a concentration dependent protective effect of zinc oxide observed in the rat model of light-induced retinal degeneration. As determined by biochemical measures and histology, zinc, at a level 2-4 times higher by body mass than found with the AREDS formulation, prevented photoreceptor cell damage from light. The protective effect of zinc oxide was greatest when administered 1-4 h before light exposure and did not appear to depend on the form of zinc salt used. Other divalent cations were ineffective in preventing retinal photoreceptor cell degeneration. Zinc treatment also altered the protein profile and genetic signature of the rat retina, but no dramatic increase in retinal zinc was found. We suggest that zinc uptake from blood by the RPE has an effect, from changes in retinal gene expression and protein abundance or structure, on visual cell recovery following intense light treatment.
MATERIALS AND METHODS

Animals and rearing conditions
Male weanling Sprague-Dawley rats from Harlan Inc. (Indianapolis, IN) were maintained in darkness or in a dim light / dark environment for 40 days. The cyclic light environment consisted of 12 h of white light (20-40 lux) per day, while routine animal maintenance in the dark environment was carried out under dim red illumination (>600 nm) for less than 30 min each day. All animals received food and water ad libitum. The use of rats in this investigation conformed to the ARVO statement for the Use of Animals in Ophthalmic and Vision Research and with Laboratory Animal Resource Committee guidelines at Wright State University.
Intense light exposure and zinc treatment
At P60-65 dark reared rats were exposed to intense visible light (1200-1400 lux), beginning at 9:00 A.M. Cyclic light reared rats were dark adapted for 16 h before 8 h of intense light treatment starting at 1:00 A.M. (4) . Light exposures were conducted in green Plexiglas cylinders (#2092), which transmit 490-580 nm light (5), surrounded by seven circular fluorescent bulbs (32) . Light treatments normally lasted for 4 h, with two dark reared rats per chamber. For western protein analysis light exposures were either 4 or 24 h. Normal core body temperature was maintained by a gentle flow of air through the cylinders. Water and food were available during light treatment. Following light exposure most animals were returned to darkness for 14 days, to allow for the removal of necrotic photoreceptor cell material and repair and recovery in still surviving photoreceptors (5) . Some rats were sacrificed immediately after light treatment, while others were killed 24 or 48 h later. Zinc oxide (Alfa Aesar, Ward Hill, MA) was dissolved in acidified water (pH ~2) and given 1× IP to rats, normally 1 h before the start of light treatment. Vehicle-treated rats received an equivalent volume of acidified water. In some experiments other zinc salts, at equal molar concentrations, or other divalent cations were used. Figure 1 contains a diagram outlining the time line for zinc injection and light treatment of rats, along with sample times and tissue analysis.
Measurements of photoreceptor cell survival
Whole eye rhodopsin and retinal DNA levels were used as end point estimates of visual cell survival, essentially as described (33) . These determinations were made 2 weeks after intense light exposure, using the two eyes of each animal. Survival was calculated from the average rhodopsin and DNA levels in experimental animals, compared with those found in rats unexposed to damaging light. Briefly, rats were killed in a CO 2 saturated chamber under dim red illumination. The eyes were then either enucleated for rhodopsin determinations, or retinas excised for DNA measurements. Rhodopsin was determined using Emulphogene BC-720 detergent (Sigma, St. Louis, MO) extraction and measuring absorbance at 500 nm, before and after bleaching in vitro (34) . Photoreceptor cell DNA was determined by the Hoechst (Calbiochem-Behring, La Jolla, CA) dye-binding assay (35) . For both experimental and control eyes, photoreceptor DNA was estimated by subtracting the DNA content in the inner retinal layers from the total retinal DNA (35) .
Efficacy of drug treatment
Average visual cell recovery was determined from the respective averages for rhodopsin and DNA for each concentration of zinc used or for each time point studied. Protective efficacy was determined by the following formula:
Retinal histology
Prior to enucleation, the superior aspect of the eye was marked to insure proper orientation during processing. Enucleated eyes had the lens removed and the eyecups were fixed in 50% Karnovsky's solution for 24 h. The eyes were then transferred to 0.1 M sodium cacodylate buffer, pH 7.4, and left at 4°C until processed. Eyes were paraffin embedded using a Tissue-Tek Vacuum infiltration processor (Sakura Finetek, Torrance, CA). Eyes were sectioned vertically with a Shandon Finesse microtome (Thermo Fisher Scientific, Rockford, IL) at 4 μm and stained with hematoxylin and eosin. The midsuperior aspect of the retina was examined.
DNA extraction and electrophoresis
Retinal DNA was extracted as described in Maniatis et al. (36) and separated by neutral pH gel electrophoresis on 1.5% agarose gels (37) . DNA fragmentation was visualized by ethidium bromide staining and photographed under UV light (37) .
Western analysis of retinal proteins
Tissues were homogenized (2 retina per mL) in PBS supplemented with protease inhibitors (Sigma), DTPA (2 mM), BHT (100 μM) and EDTA (1 mM). Homogenates were mixed with sample buffer and heated at 37°C for 1 h before being loaded onto the gel. SDS-PAGE gels consisting of a 4% stacking gel and a 12.5% denaturing gel were run. Each lane contained 20 μg of protein as determined by the Bradford method. The proteins were either visualized with GelCode® blue stain reagent (Thermo Fisher Scientific) or transferred to a PVDF membrane overnight at 200 mA using a CAPS (10 mM, pH 11.0) 20% methanol transfer buffer. Nonspecific binding sites were blocked with 2% nonfat dry milk in PBS / Tween for 1 h at 37°C; blots were then incubated with primary antibody for 1 h at 37°C. Following three washes of 5 min each with blocking buffer diluted 1 to 10, the appropriate HRPconjugated secondary antibody was incubated for 1 h at 37°C. Again, the blots were washed 3X, and then reactive bands visualized by chemiluminescence on X-ray film. Table 1 contains a list of the primary antibodies studied and their dilutions. The appropriate secondary antibody was used for each primary, either goat anti-rabbit or goat anti-mouse IgG HRP conjugate (Bio-Rad, Hercules, CA).
Retinal gene array analysis
The four treatment conditions were described elsewhere, and briefly were with / without zinc oxide injection (5.2 mg kg −1 ) and with / without 4 h of intense light exposure. In each case, retinas were harvested 5 h after vehicle or zinc oxide treatment and then flash frozen. For each treatment condition three biological replicates, each consisting of retinas from three different animals, were analyzed. That is, tissues from nine different animals were evaluated for each condition. Total RNA was extracted from the tissues with Trizol reagent and the supplier's protocol (Invitrogen, Carlsbad, CA) and further purified through an RNAeasy column (Qiagen, Germantown, MD). The integrity of the RNA was assayed using an Agilent 2100 BioAnalyzer NanoChip (Agilent Technologies, Santa Clara, CA). High quality RNA samples were screened using an Illumina bead chip rat gene expression array following the supplier's protocol (Ratref-12 expression bead chip; Illumina, San Diego, CA). Each bead chip allows the gene profiling of 22 525 mRNA transcripts. Three array chips were screened per treatment condition, each screen representing a biological replicate. The relative levels of gene expression data were measured using Illumina Genome / Bead Studio software (http://www.illumina.com/documents/products/datasheets/ datasheet_genomestudio_software.pdf) and quality confirmed, and normalized using lumi (38, 39) . Comparison of pooled data sets defining different treatment groups (two at a time) were made using limma (40) . A threshold P-value of 0.05 (adjusted for multiple testing) was used as the cut-off to define the threshold at which a transcript was considered statistically significantly differentially expressed relative to control. Additional informatic analyses of gene lists derived from this analysis were performed with IPA software (Ingenuity Systems, Redwood City, CA).
Tissue zinc analysis
Rats were injected (IP) with 5.2 mg kg −1 of zinc oxide and tissue samples taken at 0, 1 or 5 h after injection. Serum was collected from trunk blood immediately after respiratory arrest and then frozen on dry ice before being sent for analysis. Other rats were subjected to transcardiac perfusion with saline prior to retina removal. Retinas and eye cups (RPE / choroid / sclera) were excised and immediately frozen. An additional set of rats was injected with zinc and retinas collected without perfusion. All samples were sent to Columbia Analytical Services (Kelso, WA) for analysis of zinc content by inductively coupled plasma mass spectroscopy (ICP-MS). N = 4-5 rats for each time point.
RESULTS
Photoreceptor cell survival in zinc-treated rats
To assess the protective efficacy of zinc in our animal model of light-induced retinal degeneration, we treated dark reared rats with various doses of zinc oxide and then exposed them to intense visible light for 4 h. Figure 2 contains rhodopsin and DNA levels, measures of visual cell survival, determined 2 weeks after light treatment along with the protective efficacy of zinc, calculated from the average recovery of rhodopsin and DNA. As shown in Fig. 2A , the control rats unexposed to intense light had an average rhodopsin value of 2.1 nmol per eye, while photoreceptor cell DNA was 187 μg per retina. Zinc treatment of the unexposed, dark maintained, control animals did not affect these values. At a dose of 1.3 mg kg −1 , which approximates the AREDS recommended level of zinc (11) a modest improvement in visual cell survival was found after light treatment. Rhodopsin was about 50% of the dark control value, whereas photoreceptor cell DNA was 43% of control. At doses of 2.6 mg kg −1 and above, the protective effect of zinc was greater. Rhodopsin levels were 1.3-1.5 nmol per eye at the higher zinc concentrations and DNA recovery was more than 125 μg per retina. These values are 62-71% and over 67%, respectively, of the rhodopsin and DNA levels found in unexposed dark maintained rats. Using the averages for rhodopsin and DNA recovery, overall efficacy was then calculated. When zinc treatment was compared with the average values for vehicle-treated light exposed rats its protective efficacy was approximately 25% at 1.3 mg kg −1 and 60-70% at the higher zinc levels ( Fig.  2B ).
Retinal histology and DNA gel electrophoresis
Biochemical measures of visual cell survival were confirmed by retinal histology in sections from the superior hemisphere of rat eyes ( Fig. 3 ). As shown in Fig. 3B , 5.2 mg kg −1 of zinc had no apparent effect on retinal morphology in dark maintained rats. The ONL contained 8-9 rows of photoreceptor cell nuclei (41), the INL was unaffected, and both layers resembled the retinal morphology found in dark maintained-vehicle treated rats (Fig. 3A) . In contrast to its respective dark control, intense light caused considerable loss of photoreceptor cell nuclei in vehicle-treated rats (Fig. 3C ). The ONL was reduced to approximately 2-3 rows of nuclei. ROS/ RIS were absent and the RPE appears to be damaged or is missing. The INL contained several vacuoles or cysts, typical of severely light-damaged rat retina (5) . Overall retinal thickness was also considerably less than found in the unexposed rat retina (Fig. 3A ). However, zinc treatment 1 h before light exposure resulted in significantly better retinal morphology (Fig. 3D ). The ONL was intact, the ROS/ RIS region retained much of its overall length and RPE morphology appeared normal. As expected, the inner retinal layers also exhibited relatively normal morphology (compare Fig. 3D with 3B).
Further evidence of the protective effect of zinc was found by neutral gel electrophoresis of retinal DNA extracted 2 days after light exposure. As shown in Fig. 4 a pattern of DNA degradation products, consisting of an array of DNA fragments of various sizes and a DNA ladder of lower molecular weight bands, characteristic of endonuclease mediated apoptosis (1, 2) , was present in the extracts from vehicle-treated, light-exposed rats. The retinal extract from light-exposed rats treated with zinc oxide contained primarily high-molecular weight DNA fragments. This pattern resembles that found for the undegraded DNA present in retinal extracts from control animals unexposed to intense light.
Time course of zinc uptake and relative efficacy
Tissue zinc levels were measured to determine relative tissue concentrations and whether zinc oxide treatment led to increased ocular tissue levels. Table 2 contains the results of ICP-MS analysis for serum zinc and for excised retina and RPE tissues, 1 and 5 h after zinc oxide administration. In untreated rats, base line serum zinc was 2.2 μg mL −1 and in good agreement with previously published values (13, 14, 42) . One hour after an IP dose of 5.2 mg zinc oxide per kg body weight, serum zinc levels increased to 7.6 μg mL −1 . Four hours later the concentration of serum zinc was 6.9 μg mL −1 . These serum zinc levels were significantly higher than found in untreated rats. Table 2 also shows that zinc administration did not result in an increase in retinal zinc. We found 0.11-0.12 μg zinc / retina, which also compared favorably to earlier work (24) , but which is much lower than found in serum. In addition, there were no detectable differences in retinal zinc levels dependent on whether the rats were perfused with saline or not. Because blood would be expected to cross-contaminate the RPE (RPE / choroid / sclera), these tissues were excised from rats previously perfused with saline. In untreated control rats, RPE zinc levels were 0.18 μg, approximately 1.5 fold higher than in retina. Compared with the untreated controls, zinc treatment led to a significant increase in the RPE level of zinc 1 h after administration (0.23 μg vs 0.18 μg; P < 0.02). Although the RPE level of zinc was also higher 5 h after zinc oxide treatment, the difference between its levels in control and treated animals was not significant (P > 0.1).
The time course of zinc's protective effect was determined by giving a single dose of zinc oxide to rats at various times before or after the onset of light ( Fig. 5 ). As determined by visual cell recovery, zinc was very effective at a dose of 5.2 mg kg −1 when given up to 4 h before onset of light exposure, but largely ineffective when administered after light exposure had begun ( Fig. 5A ). Compared to the average values in vehicle-treated rats, rhodopsin and retinal DNA levels were significantly higher (P < 0.001) in rats pretreated with zinc 1-4 h before light. At those time points, the efficacy for zinc treatment ranged between 60% and 70% ( Fig. 5B ). Zinc administration 5 h before light resulted in an intermediate level of photoreceptor protection (P < 0.01) and about 30% efficacy, whereas zinc was ineffective when given 6-24 h before lights on. Similarly, when given 1-4 h after light onset the efficacy of zinc treatment was only about 20% and the differences between zinc and vehicletreated rats were not significant (P > 0.10).
To estimate the duration of its effectiveness, we treated rats previously reared in dim cyclic light with zinc oxide 1 h before an 8 h light exposure starting at 1:00 A.M. This start time has been shown to result in about 50% photoreceptor cell loss after 8 h of intense light (33) .
As expected and as shown in Fig. 6 , rhodopsin and DNA in the vehicle-treated animals were about 50% of the levels present in unexposed rats. However, in the zinc-treated animals rhodopsin and DNA recoveries were 67% and 83%, respectively, of the values found in unexposed control animals. Thus, using a dose of 5.2 mg zinc oxide per kg, zinc may provide protection from exposure to intense illumination for durations as long as 8 h.
Different zinc compounds and other divalent cations
To demonstrate that zinc ion was effective in reducing the extent of retinal light damage, we gave equal molar concentrations of zinc oxide and other zinc salts to rats and compared their protective efficacy. In addition, magnesium (Mg) and calcium (Ca) chloride were tested in our light damage model. Figure 7 contains the results of these findings. Zinc oxide and zinc gluconate were equally effective in reducing retinal light damage. Rhodopsin and photoreceptor cell DNA levels were 70-80% of the values found in unexposed, dark maintained rats. These values were significantly higher than found in light-exposed vehicletreated animals (P < 0.001). Zinc chloride (ZnCl 2 ) was also significantly more effective, with recoveries for rhodopsin and DNA that were 80-90% of the dark control values and over two times higher than in vehicle-treated light exposed rats (P < 0.001). Because acidification of zinc oxide with HCl would be expected to result in the formation of ZnCl 2 , we determined the protective efficacy of MgCl 2 and CaCl 2 . At equal molar concentrations to that of ZnCl 2 neither MgCl 2 nor CaCl 2 protected against light-induced retinal degeneration. The levels of rhodopsin and retinal DNA were essentially the same as found in vehicle injected animals exposed to intense visible light.
Western analysis of retinal protein expression
To assess the effects of light and zinc on retinal proteins, we treated dark reared rats with 4 h or 24 h of intense visible light and then extracted the proteins for western analysis 48 h after the start of light exposure. Figure 8 contains data showing that zinc treatment reduces oxidative stress in the retina. Whether light treatment was for 4 h or for 24 h, the level of carboxyethylpyrrole (CEP) adducted retinal protein was markedly reduced in extracts from rats previously treated with zinc. CEP reactivity has been found to be elevated in drusen from patients affected with AMD (8) . In unexposed vehicle-treated rats CEP-protein molecular weights ranged from 25 to 64 kDa (lanes 1 and 2). More intense labeling was found in the vehicle-treated rat retinal extract after 4 h of light (lane 3), while zinc-treated rats exhibited a dramatic reduction in CEP reactivity (lane 4). Following 24 h of light, relative CEP staining in the vehicle-treated rat retinal extract was similar to that found in zinc-treated rats after 4 h of light (lane 5 vs 4). However, the staining of CEP proteins was greatly reduced in the zinc-treated retinal extract (lane 6 vs 5). To demonstrate that the reduced CEP staining was specific for zinc we treated other rats with MgCl 2 or CaCl 2 (lanes 7, 8). As shown, CEP staining was either the same, or somewhat greater, than found in vehicle-treated rats.
Hemeoxygenase-1 (HO-1) is an inducible protein marker of oxidative stress (43) , which is produced in the inner retinal layers and in Muller cells. HO-1 was absent in retinal extracts from rats treated with light for only 4 h, but staining was clearly present in the vehicletreated retinal extract after 24 h of light (lane 5). HO-1 reactivity was significantly reduced by zinc, magnesium or calcium treatment (lanes 6-8) suggesting that retinal stress in the inner retinal layers is decreased by all three divalent cations. Staining of the retinal photoreceptor cell markers, S-antigen (S-ag; arrestin) and transducin (T-α) was reduced after 4 h of light (lanes 3, 4 vs lanes 1, 2) . However, following 24 h of light the staining of retinal S-ag was absent and T-α staining was greatly reduced. This indicates that the light-induced loss of photoreceptor cells 1 day after 24 h of intense light treatment was greater than found in rats after only 4 h of light exposure.
Zinc changes the genetic signature of the rat retina
To examine the effects of zinc treatment on the genetic signature of the retina with and without a 4 h light treatment we screened three series of Ratref-12 expression array chips (four chips per series) with independent sets of c-RNA representing retinas from animals treated with: (1) 1 h of a zinc oxide treatment (ZN) followed by a 4 h light treatment (LT);
(2) ZN, followed by a 4 h dark period (NOLT); (3) 1 h of vehicle treatment (VEH) followed by 4 h LT; and (4) VEH followed by a 4 h dark period (NOLT). A screen of the VEH NOLT gene profile with ZN NOLT gene profile revealed very little difference in gene expression profiles between the two NOLT treatments, with only 9 of the 22 523 mRNA transcripts being differentially expressed ( Table 3 , Column [A]). A differentially expressed gene is one which shows a significant difference in mRNA expression for one treatment condition as compared with another and is the index we used to define changes in the genetic signature of the retina.
Differentially expressed gene markers from a VEH LT X VEH NOLT comparison and a ZN LT X ZN NOLT comparison identified 764 genes and 988 genes, respectively ( Fig. 9 ). Three broad categories of differential genes were determined ( Fig. 9A ): (1) differential genes unique to the (VEH LT X VEH NOLT) screen; (2) differential genes that respond to light in both screens; and (3) differential genes unique to the (ZN LT X ZN NOLT) screen. A dissection of this collection of genes allowed the identification of 461 gene marker loci that defined light-induced changes (genes that show the same response to light treatment regardless of a ZN or VEH pretreatment) and 831 gene marker loci that defined zinc influenced changes (genes that show a different response to light treatment depending on whether a ZN or VEH pretreatment had been administered, Fig. 9B ). Comparison of the three different screens is provided in Table 3 for a subset consisting of some of the major ocular related genes. Including all three screens in a single comparison allows differentiation in types of response, designated in Table 3 Photochem Photobiol. Author manuscript; available in PMC 2015 August 21.
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Author Manuscript directly or indirectly mediates a response that results in specific changes in the expression of specific genes. In contrast, the expression profile of Mt1a defines a common response to either zinc or light, and the expression profile of Caspase 7 defines a light response.
To identify the most prevalent biological effect of the zinc-mediated gene changes, we analyzed the list of 831 gene markers using Ingenuity systems pathway analysis ( Fig. 10 ).
Of the 831 gene markers, only 512 were annotated in the Ingenuity Knowledge Database in terms of abbreviated gene ontology. Seven biofunction categories each harbored more than 10% of the genes examined. The two largest biofunction categories were "Cell death" and "Cellular growth and proliferation." Integral to cell death and growth / proliferation is the cell cycle, one of the other categories harboring greater than 10% of the gene list examined. These three categories are combined in the area designated as "Other cellular processes" in Fig. 10 , in which there are now only five categories assigned. Note: genes can be in more than one category. Because most proteins / genes are multifunctional and because related biological processes are often intertwined we looked for the overlap between the genes in these three ontology groups (Fig. 11 ). In total, 232 of the 512 (45%) Zn responsive genes that are annotated in the Ingenuity database fall into a network of cell death, cellular growth and proliferation and cell cycle related genes.
DISCUSSION
Animal models of light-induced retinal degeneration allow for testing drug treatments and dietary components in a preclinical setting under defined environmental conditions. In this regard, our data show that zinc reduces the extent of retinal photoreceptor damage caused by intense visible light. By either biochemical end point determinations or retinal histology, we found enhanced visual cell recovery in zinc-treated rats compared with vehicle-treated animals ( Figs. 2 and 3 ). The efficacy of pretreatment was 60-70% at zinc oxide concentrations above 5 mg kg −1 and the protective effect lasted for at least 8 h of intense light exposure (Fig. 6 ). Zinc was particularly effective when given 1-4 h before light exposure, but was ineffective 6-24 h before and 1-4 h after the onset of light (Fig. 5 ). This window of protective efficacy also correlated with an increase in serum zinc levels and with its uptake by the RPE (Table 2) . Zinc gluconate and its chloride salt were as effective as zinc oxide, indicating that zinc, and not the counter ion, was the effective agent. Two other divalent metal cations were ineffective in preventing retinal light damage ( Fig. 7) .
Gel electrophoresis of retinal DNA and western analysis of retinal proteins revealed that zinc effectively prevented DNA degradation and reduced oxidative stress. Zinc oxide treatment also altered the genetic signature of the rat retina (Figs. 9 and 10) but, unexpectedly, its concentration in the retina was unchanged by IP injection of a 5.2 mg kg −1 dose. The reasons for this finding are not yet known; both a systemic effect of zinc and an RPE mediated effect are possible. Incubation of RPE cells with zinc in vitro results in neuroprotection and reduced oxidative stress (27) . A reduction in apoptotic photoreceptor cell death in vitro also has been demonstrated with exposure to zinc (44) . In one of the few in vivo studies to date, Ugarte and Osborne (14) found a beneficial effect of acute zinc treatment on the ERG b-wave in a rabbit model of ischemia / reperfusion injury. Our findings support these earlier studies as both apoptotic retinal DNA ladders ( Fig. 4) and Organisciak et 
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Author Manuscript oxidative CEP-protein adducts (Fig. 8) were greatly reduced by zinc treatment. Unknown at this time is whether a change in translocation of zinc between nucleoplasm and cytoplasm, or in the ratio of free vs bound forms of this critical metal can explain these findings. Additional work, perhaps using higher zinc concentrations, will be required to determine if retinal zinc levels can be increased by acute treatment, or long-term diet and whether its potential toxic effects (14, 27) can be prevented, for example by coadministration of selective antioxidants.
Light and zinc change the genetic signature of the retina
Effects on the genetic signature of the retina will vary due to changes in the duration, intensity, wave-length of light, total photon energy, and likely the amount and time of zinc administered. A 4 h light exposure with respect to our gene profiling studies affords an opportunity to look at changes in gene expression relatively early in the light-induced retinal degeneration process. A (VEH LT X VEH NOLT) screen identified 764 gene markers that define the difference in the retinal genetic signature between a light exposed and unexposed state. A (ZN LT X ZN NOLT) screen identified 988 retinal expressed gene markers that differentiate zinc pretreatment with or without a subsequent light treatment ( Fig. 9) . A pairwise comparison of the differential gene markers in these two screens identified: (1) a subset of 303 gene markers that are involved in light-induced retinal degeneration, (2) a subset of 527 zinc inducible genes that appear to be essential for retinal response to or protection from light treatment, and (3) a gene, transferrin, that shows an interesting polar opposite response to light treatment in the two screens ( Fig. 9 ). Ingenuity systems pathway analysis was used to analyze the list of zinc responsive genes to generate a cellular profile of how these genes might impact retinal biology (Fig. 10) . In total, 45% of the zinc responsive genes that are also annotated in the Ingenuity Knowledge Database fall into a network of cell death, cellular growth and proliferation and cell cycle related genes ( Figs. 10 and 11 ).
An alternative way to interrogate the data is by examining small clusters of genes known to be involved in a specific cellular function or trait. An analysis of the effects of zinc treatment on genes known to be involved in retinal cell biology (Rho, Gnat1, Sag, Pdc and Prkcg) indicates that zinc treatment alone is not likely to alter normal photoreceptor gene expression. In contrast, zinc treatment with light treatment results in specific changes in select genes of this pathway indicating a differential response to light exposure in the presence or absence of zinc. Moreover, a 4 h light exposure does not immediately result in a strong oxidative stress response. Although Hmox1, Sod1 and Nox4 mRNA levels (biomarkers for high level of oxidative stress) are not altered with a 4 h light exposure and / or zinc treatment, other markers indicative of a stress response (Hk2 and Smox) and metal ion regulation (Mt1a) are differentially affected by light and zinc treatment. In contrast, a differential change in gene expression is noted for Cnbp, Slc30a1 and TF (markers of metal ion regulation) in the presence of light with or without zinc treatment. Lastly, a 4 h light exposure does not result in the detection of an immediate DNA fragmentation pattern, suggesting that an apoptotic state has not yet been fully realized. Zinc treatment alone increased the relative mRNA levels of Fkbp5, RGD1560691 and Usp2 (three markers associated with an apoptotic molecular environment). Light exposure (with or without zinc treatment) resulted in an increase in Caspase 7 levels. Light exposure alone resulted in an increase in Caspase 3 levels, suggesting that the presence of zinc represses the normal light driven response in Caspase 3. The cell death microenvironment is clearly different in the absence or presence of zinc, although both are likely to be caspase-dependent.
The mRNA levels for nine genes (Hk2, Smox, Mt1a, Lpcat1, Acsl3, Best2, Fkbp5 , RGD1560691 and Usp2) were found to be differential in a ZN NOLT X VEH NOLT screen ( Table 3 , column A). The zinc-mediated effects for eight of these genes were in turn repressed or reversed by subsequent light exposure. The nine ZN NOLT X VEH NOLT genes with differential expression profiles define proteins with a broad spectrum of cellular functions (cell stress response, metal ion regulation, fatty acid metabolism, ion channels and cell death). Pathway and network analysis of these genes resulted in the generation of a biological network that incorporates seven of them (Lpcat 1, Hk2, Acsl3, Fkbp5 . Although there are a few obvious functional interactions among these genes additional studies will be required to understand the extent of their interactions more clearly.
Potential mechanisms of action
Zinc is known to enhance catalysis for numerous metalloenzymes by directly binding within the active center (14) . Likewise, by its site specific binding to DNA zinc can activate several hundred nuclear regulatory binding elements (23, 45) . This can lead to the induction of metallothionein synthesis, with an associated decrease in peroxide levels (24) . Another potential mechanism for zinc's antioxidant action is its ability to reduce superoxide formation by indirectly inhibiting NADPH oxidase (26) . Superoxide production by NADPH oxidase results in the simultaneous extrusion of protons from subcellular organelles. Zinc inhibits their reuptake by altering voltage-gated membrane proton channels (25) . As proton availability is linked to NADPH oxidase activity, a lack of protons would lead to enzyme inhibition and decreased superoxide production (26) . Thus, unlike traditional antioxidants, which can interact directly with reactive oxygen, zinc's antioxidative and neuroprotective effect may depend on an indirect mechanism. The ability of zinc to inhibit oxidation also appears to be concentration dependent as high-zinc levels have been reported to be toxic in retina (14) and RPE (27, 28) . In retinal homogenates Ugarte and Osborne (14) actually found an increase in the formation of reactive oxygen species upon incubation at high-zinc levels.
The reasons for zinc's toxicity are not currently known; however, its deleterious effects were found to be diminished by divalent metal ion chelators and antioxidants (14, 27) .
AREDS and implications for the use of zinc
It is now clear that zinc has multiple effects in cells and that it has the potential for synergistic effects beneficial for metabolism. It is also clear that high levels of cellular zinc can be toxic. For example, micromolar zinc enhances CFH-mediated inhibition of lysis in intact host cells, through the alternative complement pathway (29, 30) , whereas higher zinc levels are detrimental to RPE viability (27, 28) . Drusen in RPE from AMD patients may contain higher levels of oxidative lipid-protein adducts, including CEP, than from unaffected individuals (8, 9) and macular drusen appear to contain an abnormally high level of protein-bound zinc (46) . Although this suggests a possible role for zinc in the etiology of disease, its toxic effects can be over ridden by antioxidants (27) and by restoration of cellular NAD levels (47) . CFH is also a major serum binding protein for MDA, a common lipid oxidation product (31) , which would be expected to further reduce oxidative stress. Additional study will be required to determine whether zinc can enhance the ability of CFH to bind oxidative metabolites in vivo. In AREDS I, high levels of circulating antioxidants were found to correlate with a reduced risk of advanced AMD (10).
In addition, zinc and antioxidants, alone or in combination, were found to be beneficial (11) . This confirms earlier work showing a beneficial effect of zinc supplementation, although the antioxidant index of patients was not determined (12) . Fortunately, the AREDS formulation contains high levels of vitamins C and E, which may help to reduce any potential oxidative burden from accumulating zinc. In this study, we used green light to induce rhodopsinmediated retinal degeneration (5) and to test for zinc's protective effect. We also tested zinc oxide in rats exposed to broad spectrum white light, which mimics the wave lengths of light normally encountered in the environment, and more narrowly focused blue light. In each case, rhodopsin and retinal DNA recoveries were better in the zinc-treated rats (data not shown). Thus, whether white, blue or green light is used to induce retinal damage zinc exhibits a strong protective effect, although its mechanism of action remains to be determined. Similarly, how the uptake of zinc by the RPE affects retinal metabolism and or protection against light damage is an open question. We have made a start by determining genetic changes in the retinas of zinc-treated rats. Sorting through the multitude of possibilities and teasing out the actual mechanisms will require additional work and perhaps additional studies with experimental models of retinal degeneration. Time line for zinc injections and intense light treatment of rats reared in dim cyclic light or darkness. Following intense light treatment all rats were placed into the dark environment for various periods of time, depending on the measurements to be performed. Dose response curve for zinc oxide treatment of rats 1 h before intense light exposure. P60 dark reared rats were given zinc oxide, or the aqueous vehicle (IP) and then exposed to light for 4 h. Visual cell recovery was determined by rhodopsin and retinal DNA measurements, performed after a 14 day dark recovery period (* = P < 0.05; A). Data were presented as the mean ± S.D. for n = 8 rats with one eye used for rhodopsin and the fellow eye for DNA measurements. (B) Percent protective efficacy, calculated from the average rhodopsin and retinal DNA values in zinc-treated rats in comparison to vehicle-treated animals. Representative retinal sections from rats treated with zinc oxide before intense light exposure. Rats were given zinc oxide, at a dose of 5.2 mg kg −1 , or vehicle and then kept in darkness (panels A and B), or exposed to light for 4 h (panels C and D). After a 14 day dark recovery period rats were euthanized in a CO 2 Photochem Photobiol. Author manuscript; available in PMC 2015 August 21.
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Author Manuscript Visual cell recovery in rats previously reared in dim cyclic light. Weanling rats were maintained in a dim cyclic light environment for 40 days and then exposed to intense visible light for 8 h starting at 1:00 A.M. Prior to light treatment rats were given zinc oxide (5.2 mg kg −1 ) or the aqueous vehicle. Rhodopsin and retinal DNA were measured 2 weeks after light exposure. Zinc treatment was effective in reducing visual cell loss for the 8 h period studied (* = P < 0.01). Results are for a total n = 12-16 animals from two separate experiments and shown as the mean ± SD. The effects of various zinc salts on visual cell recovery after light exposure. Dark reared rats were given zinc oxide at 5.2 mg kg −1 , or an equivalent molar amount of zinc in the form of its gluconate (Glu) 29.1 mg kg −1 , or chloride (Cl) salt, 8.7 mg kg −1 . One hour later, the rats were exposed to intense visible light for 4 h and rhodopsin and retinal DNA measured 2 weeks later. All forms of zinc were significantly effective in preventing retinal light damage (P < 0.001). Equal molar amounts of the divalent cations MgCl 2 (6.1 mg kg −1 ) and CaCl 2 (7.1 mg kg −1 ) were ineffective in preventing the loss of retinal photoreceptors. Data represents the mean ± SD for n = 6 animals for each condition. 
Author Manuscript Western analysis of oxidative protein markers and transduction proteins in retinas from light-exposed rats. Dark reared rats were given zinc oxide or vehicle and then exposed to intense light for 4 or 24 h. Retinas were excised 48 h after the onset of light and proteins extracted for gel electrophoresis and western analysis. Each lane contains 20 μg protein extracted from the pooled retinas of two rats. Abbreviations: CEP, carboxyethylpyrrole; HO-1, heme oxygenase-1; S-ag, S-antigen (arrestin); t-α, transducin alpha; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Lanes 1 and 2, unexposed rat retinal extracts; lanes 3 and 5, vehicle-treated rat retinal extracts; lanes 4 and 6, zinc oxide treatment (5.2 mg kg −1 ); lanes 7 and 8, MgCl 2 and CaCl 2 at equal molar concentration to ZnCl 2 (see Fig. 7 ). 
Author Manuscript Author Manuscript Light-and zinc-mediated effects on the genetic signature of the retina. Dark reared rats were given zinc oxide, at a dose of 5.2 mg kg −1 (ZN), or vehicle (VEH) at 8:00 A.M. and then kept in darkness for 5 h (NOLT), or exposed to light for 4 h (LT) starting at 9:00 A.M. Four treatment groups were generated for gene array analysis using Illumina Genome / Bead Studio software (ZN LT, ZN NOLT, VEH LT and VEH NOLT) and two differential comparisons of pooled data for each treatment group under consideration were made using limma (VEH LT X VEH NOLT and ZN LT X ZN NOLT 
Author Manuscript Most significant biological functions associated with zinc-mediated gene changes. Five hundred and twelve of the 831 gene marker loci defining zinc-mediated gene changes are annotated in the Ingenuity Knowledge Base. Functional analysis of these 512 zinc-mediated differential genes was performed using Ingenuity Pathways Analysis (Ingenuity® Systems, http://www.ingenuity.com). Right-tailed Fisher's exact test was used to calculate a P-value determining the probability that each biological function assigned to the data set is due to chance alone, the lower the P-value the higher the probability that the gene list is associated with the biological function indicated. Venn diagram showing the overlap of cell death, cell cycle, cell growth and proliferation associated zinc-mediated differential genes. In total, 232 genes, representing 45% of the 512 genes considered, belong in this gene subset. Table 2 Tissue zinc levels in rats given 5.2 mg kg −1 zinc oxide IP. Table 3 Comparisons of gene screens consequential to nutritional and physical interventions. ; increase or decrease in fold change.
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